Abstract The aim of this work was to investigate the optimal process conditions leading to high glucose yield (over 80 %) after wet explosion (WEx) pretreatment and enzymatic hydrolysis. The study focused on determining the "sweet spot" where the glucose yield obtained is optimized compared to the cost of the enzymes. WEx pretreatment was conducted at different temperatures, times, and oxygen concentrations to determine the best WEx pretreatment conditions for the most efficient enzymatic hydrolysis. Enzymatic hydrolysis was further optimized at the optimal conditions using central composite design of response surface methodology with respect to two variables: Cellic® CTec2 loading [5 to 40 mg enzyme protein (EP)/g glucan] and substrate concentration (SC) (5 to 20 %) at 50°C for 72 h. The most efficient and economic conditions for corn stover conversion to glucose were obtained when wetexploded at 170°C for 20 min with 5.5 bar oxygen followed by enzymatic hydrolysis at 20 % SC and 15 mg EP/g glucan (5 filter paper units) resulting in a glucose yield of 84 %.
Introduction
Corn stover is abundantly available in the Midwest of USA and can be an excellent feedstock for biofuel production because of its lower lignin content compared to woody biomass. The commercial viability of biorefineries based on corn stover has been burdened by the use of expensive enzymes needed to hydrolyze the biomass material after pretreatment [1, 2] . It has been well established that producing higher concentration of sugars is an absolute necessity in an industrial setting as it lowers the heating requirements (lowering operating cost) and increases the volumetric efficiency (lowering capital cost) of the equipment [3] . Therefore, lowering the enzyme input and increasing the dry matter content during enzyme hydrolysis for higher cellulose conversion would be one of the most significant steps towards the direction of bioethanol production cost reduction and eventually leading to the commercialization of second-generation biorefineries based on the lignocellulosic feedstock.
Several researchers have worked on using corn stover for bioethanol production. Kaar et al. [4] used lime pretreatment followed by enzymatic hydrolysis at 5 % substrate concentration (SC) and 20 filter paper units (FPU) (Spezyme CP and Novozym 188) and obtained 60 % cellulose conversion. Kim et al. [5, 6] introduced ammonia recycle percolation pretreatment followed by enzyme hydrolysis at 1 % SC and 10 FPU [Spezyme CP and β-glucosidase (Sigma)] and obtained 92 % cellulose conversion. This concentration of solids will, however, be far from an industrial process. Bura et al. [7] used SO 2 -catalyzed pretreatment followed by enzyme hydrolysis at 8 % SC and 10 FPU (Spezyme CP, Novozym 188, and Multifect® Xylanase) and obtained 100 % cellulose conversion. However, again, the solid concentration was far lower than that needed for operating any industrial process. Using chemicals such as sulfur could further affect the downstream processing of products; for instance, sulfur will be attached to the solid fraction that remained after sugar extraction [8] . Recently, Yang et al. [9] used steam explosion pretreatment followed by enzyme hydrolysis at 25 % SC and 20 FPU (Celluclast) and obtained 85 % cellulose conversion. Even though this study achieved high glucose concentrations, the amount of enzymes used was higher, affecting the applicability of the process.
In this work, we will investigate the most efficient and costeffective process conditions for producing sugars from corn stover using wet explosion (WEx) pretreatment, which only require oxygen and heat to open the structure of the biomass and which can operate at high SC [10, 11] . Our focus will be on finding the optimal conditions producing high yields of glucose while keeping the enzyme dose low-the "sweet spot." As a first step, screening of WEx pretreatment will be performed to find the best pretreatment condition, which will be used for the optimization of enzymatic hydrolysis. The second step will be central composite design (CCD) to generate response surface, model fitting, and prediction of optimum parameters for enzymatic hydrolysis of WEx corn stover. The third step will be a scale-up study of enzymatic hydrolysis at optimized condition from lab scale to 100-L pilot scale. In addition, we will evaluate the process economics for determining the minimum enzyme dose, which still can support a biorefinery with corn stover as raw material.
Materials and Methods

Preparation of Biomass
Corn stover with a particle size of approximately quarter inch was kindly provided by Iowa State University, Ames, IA, USA. Before pretreatment, corn stover was milled to 2-mm particle size with a Retsch cutting mill SM 200 (Retsch Inc., PA, USA) and kept at room temperature. A portion of corn stover was milled to 1-mm particle size for the compositional analysis. The compositional analysis was performed in duplicates. The moisture content of the raw corn stover was found to be 8 %.
Experimental Approach Figure 1 shows the experimental setup used in the present study. The milled corn stover was pretreated using WEx at 12 different pretreatment conditions with varying temperatures (160 to 180°C), residence time (15 to 25 min), and oxygen pressure (2 to 6 bar). In order to investigate the efficiency of pretreatment, enzymatic digestibility test was conducted with Cellic® CTec2 (40 mg enzyme protein (EP)/g glucan) on all 12 pretreatment slurries. Sugars, sugar degradation products, and other fermentation inhibitors [hydroxymethylfurfurals (HMFs), furfural, and acetate] released during pretreatment or after enzymatic hydrolysis were analyzed using high-performance liquid chromatography (HPLC). Based on the sugar yield and the concentration of inhibitors, the optimal pretreatment condition was determined and used for finding the minimal enzyme dose needed for obtaining at least 80 % of the potential cellulose conversion from the biomass. This selected pretreatment was referred as the platform WEx pretreatment.
The enzymatic hydrolysis study to optimize the enzyme dosage was performed in shake flasks on the platform WExpretreated sample using varying SCs (5 to 20 %) and enzyme loading (5 to 40 mg EP/g glucan). Test of two parameters resulted in 14 experimental runs. The amount of free sugars released after these 14 enzymatic hydrolysis runs was analyzed using HPLC. Response surface methodology (RSM) was adopted to determine the optimal hydrolysis condition. Finally, the results for the optimal enzyme dose study were checked in a 100-L pilot-scale test at the optimal conditions (SC and enzyme loading) and the effect on the ultrastructure was followed using scanning electron microscopy to evaluate the changes done to the biomass during enzymatic hydrolysis. Finally, we analyzed the process economics to substantiate the effect of optimization study on the overall cost reduction of ethanol.
Measurement of Protein Assay and Cellulase Activity
The protein concentration of Cellic® CTec2 (kindly provided by Novozymes, Franklinton, NC, USA) was determined using standard Pierce® BCA Protein Assay Kit (Thermo Scientific, Waltham, MA, USA). The protein concentration in Cellic® CTec2 was measured as 210 mg/mL of enzyme. Filter paper activity of Cellic® CTec2 was measured according to enzyme activity assay [12] . The cellulolytic activity of concentrate was determined as 74 FPU/mL.
Selection of Platform WEx Pretreatment Parameters
WEx Pretreatment of Corn Stover
Corn stover was pretreated by WEx in a pilot plant at Washington State University as previously described [13] . The 12 different conditions used for the WEx pretreatment are shown in Table 1 . Corn stover samples resulting from these pretreatment conditions are designated as CS-1 through CS-12. The 10-L WEx reactor was loaded with raw corn stover and water in proportions resulting in a total slurry of 5 kg with 25 % SC. After closing the reactor, oxygen was introduced into the reactor at pressures ranging from 2 to 6 bar. After introducing the oxygen, the pretreatment reactor was heated to temperatures varying from 160 to 180°C with residence times at the desired temperature between 15 and 25 min (heating time, about 5 min). At the end of pretreatment reaction time, the pretreated biomass was flashed into a 100-L flash tank. The slurry was used for the optimization of enzymatic hydrolysis experiment ("Hydrolysis Testing"), and a small portion of the slurry was kept for solid and liquid analysis.
Hydrolysis Testing
The pretreated slurries from 12 different runs were hydrolyzed using Cellic® CTec2 with 40 mg EP/g glucan to investigate the maximum digestibility. A total of 50 g of well-mixed pretreated slurry with 25 % SC was taken for enzymatic hydrolysis. The enzymatic hydrolysis of the pretreated samples was performed at pH 5 and 50°C for 72 h in 125-mL shake flasks. In order to overcome the mixing challenges of 25 % SC in the Erlenmeyer shake flasks, the pretreated samples were diluted to 20 % SC using 0.1 M sodium citrate buffer. Maximum care was taken to ensure that the solid/liquid ratio was maintained during sampling using intense mixing. The pretreated sample with the highest sugar concentration and the minimal concentration of sugar degradation products was selected for the enzymatic hydrolysis optimization studies. Experiment for the enzyme optimization was then designed as described in "Optimization of Enzymatic Hydrolysis."
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Pretreated slurry The glucose yield is determined by Eq. (1) as described below:
WEx Pretreatment Enzymatic Hydrolysis
where (Glu EH,L ) is the glucose concentration (grams per liter) in enzymatic hydrolyzate liquid, F cellulose RB is the fraction of cellulose in the raw biomass as determined by compositional analysis, and (ini.sol) is the initial solid concentration (grams per liter) at which the enzymatic hydrolysis was performed.
Optimization of Enzymatic Hydrolysis
A 2 2 central composite design was used to optimize the enzymatic hydrolysis conditions. The statistical software Minitab (version 6.0, Minitab Inc., PA, USA) was used to generate the design of experiment, perform the statistical analysis, and develop the regression model. An enzyme loading of 5 to 40 mg EP/g glucan and SC 5 to 20 % were chosen as the independent variables. Fourteen experimental runs with six center points were conducted to evaluate the effect of enzyme loading and SC on glucose yield after enzymatic hydrolysis. Table 2 shows the design matrix and glucose yield response of the experiment. Data obtained from experimental runs were then analyzed according to the response surface regression and then fit to a second-order polynomial equation (Eq. (2)).
where Y i is the response value, β 0 is the constant coefficient, β i is the linear coefficients, β ij (i and j) is the interaction coefficients, β ii is the quadratic coefficients, and χ i is the variables. Analysis of variance (ANOVA) was used to estimate the significance of single factors, factors' square, and interaction of factors. The relationship between dependent and independent variables was further determined by the response surface plot.
Analytical Methods
A portion of the slurries obtained after WEx pretreatment and enzymatic hydrolysis were separated into solid and liquid fractions using a bench-top centrifuge (Eppendorf, Model 5804, 8,000 rpm, 10 min). The liquid portion was then decanted and filtered through a 0.45 μm syringe filter, and solids were washed and dried at 30°C for 48 h. Free sugars in the liquid portion were analyzed using a Bio-Rad (Hercules, CA, USA) Aminex HPX-87P column with RI detector, operating at 83°C with Milli-Q water (Barnstead Nanopure, USA) as an eluent with a flow rate of 1.0 mL/min. The composition of the solid fraction was determined as per established NREL method [14] .
Scanning Electron Microscopy
The morphological features of raw, pretreated, and enzymatically treated corn stover were observed by scanning electron microscopy (SEM) (S-570, Hitachi Ltd., Japan) at an acceleration voltage of 10 kV. SEM was conducted under high vacuum to improve the conductivity of the samples and the resolution of the SEM micrographs. 
Selection of Platform WEx Pretreatment Conditions
The amount of sugars released in the liquid phase after WEx pretreatment at 12 different conditions is shown in Fig. 2a .
The amount of free sugars (glucose, xylose, and arabinose) released after WEx varied between 11.34 and 40.62 g/L.
During the hydrolysis testing, the amount of free sugars released varied between 77.16 and 130.94 g/L (Fig. 2b) . The amount of sugar degradation products (HMF and furfural) along with acetate (released from hemicellulose) generated during WEx varied between 3.79 and 12.79 g/L, whereas, during the enzymatic hydrolysis, their concentration varied between 6.50 and 15.49 g/L. The increase in HMF and furfural concentration during enzymatic hydrolysis is attributed to continued sugar degradation at a slower rate during enzyme hydrolysis. Interestingly, the pretreated sample CS-8 (170°C, 20 min, 5.5 bar oxygen) released lower sugars during pretreatment (16.44 g/L) as compared to other pretreated samples which released maximum sugars during enzyme hydrolysis (130.94 g/L). These results are probably due to the fact that more oligomers were found in this sample (CS-8) due to a better opening of the structure (loosening of linkages between macromolecules in the cell wall). This is in agreement with previous studies by Ladisch et al. where they found that the optimal pretreatment conditions correlate with the oligosaccharides and not the monosaccharides released during pretreatment [15] . Sample CS-8 after pretreatment showed monomeric glucose (2.97 g/L), xylose (11.16 g/L), arabinose , and arabinose (2.08 g/L), which gives amonomeric glucose yield of 81 % compared to the glucan concentration of the corn stover. The amount of degradation products in sample CS-8 after pretreatment was 3.99 g/L for HMF, 0.50 g/L for furfural, and 7.57 g/L for acetate. The amount of degradation products after enzymatic hydrolysis was 3.4 g/L for HMF, 0.46 g/L for furfural, and 9.6 g/L for acetate. The amount of lignin solubilized during pretreatment was 8 %, which remained unchanged during enzymatic hydrolysis. Sample CS-8 was, therefore, chosen as platform WEx pretreatment conditions for enzyme optimization study as it released highest sugars and minimal sugar degradation products.
Enzyme Optimization
Optimization of Enzymatic Hydrolysis Parameters
Full-factorial statistical model was developed by the statistical software Minitab 16. Table 2 shows coded and uncoded variables along with the experimental and model-predicted response. Low, midpoint, and high levels were coded as −1, 0 and +1, respectively. The response of glucose yield after 72 h of enzymatic hydrolysis from all 14 runs as a function of cellulase loading (mg EP/g glucan) and SC was evaluated in CCD. The interaction between response and variables was evaluated by response surface after 12, 24, 48, and 72 h (Fig. 3) . Each response surface plot confirmed the interactions existing between the variables and glucose yield. As shown in Table 2 , the experimental glucose yield matched closely with the model-predicted glucose yield with a regression coefficient of 97.68 %. Minitab 16 was used to conduct ANOVA to evaluate individual and interactive effects of variables. Significance of coefficients of the model was analyzed. The results of the second-order response surface models for the glucose released during hydrolysis are presented in the form of ANOVA in Table 3 . Equation (3) 
In the above equation (Eq. (3)), Y is the glucose yield after 72 h of hydrolysis, χ 1 is SC (percent), and χ 2 is enzyme loading (milligrams EP per gram glucan). The statistical significance of the model was evaluated by F test for ANOVA, which confirmed that the regression was statistically significant. Temperature and pH were excluded from the optimization model because these factors had already been optimized as 50°C and 5, respectively (www.bioenergy.novozymes.com).
Statistical effect of SC and enzyme loading on glucose yield is shown in Table 3 . As shown in Table 3 , the coefficient of ) was calculated as 97.68 %, which indicated that the model is suitable to adequately represent the real relationships among the selected reaction variables. Highly adjusted R 2 (95.69 %) also showed the suitability of the model. Linear and squared terms of enzyme loading exerted a positive effect on the yield of glucose during enzymatic hydrolysis as the p values were <0.05. Linear SC has been found to have a significant effect; however, there was no direct effect of squared SC. This can be explained by the heterogeneity of the pretreated sample. Interaction of both enzyme loading and SC has a significant effect (p <0.05), which indicates cumulative effect of both factors on enzymatic hydrolysis.
The objective of the optimization was to achieve a glucose yield of at least 80 %. The SC and enzyme loading combination at which the highest desirability (0.959) was obtained was chosen as the optimal conditions for the enzymatic hydrolysis with the predicted value of the response, 85.94 %. The optimal conditions for the enzymatic hydrolysis from the statistical analysis were found to be 20 % SC and 15 mg EP/g glucan (about 5 FPU), which gave a glucose yield of 84 % that is in agreement with the predicted response. Thus, we concluded that the model was valid and reliable in predicting the experimental results.
Influence of SC and Enzyme Loading During Enzymatic Hydrolysis
The significance of the quadratic coefficients of enzyme loading and SC for corn stover indicates a positive correlation between enzyme loading, SC, and hydrolysis yield. No noticeable mass transfer limitation was observed (due to high viscosity of the slurry) in contrast to previous studies [16, 17] as evident by high glucose yield. Optimal process conditions for enzymatic hydrolysis to high glucose included both high SC and low enzyme loading. This is a remarkable improvement over previous studies done with pretreated corn stover either at low SC (<10 %) or high enzyme loading (>10 FPU, equivalent to 30 mg EP/g glucan) to achieve higher cellulose conversion [5, 6, 18, 19] . By increasing the SC, the glucose yield improved significantly. This lowers the cost of fermentation and eliminates the need for concentration of the hydrolysate before fermentation, which would add to the overall cost.
Test at Scale-Up Conditions of Enzymatic Hydrolysis
Under the optimal conditions (20 % SC, 15 mg EP/g glucan, pH 5, and 50°C), the model predicted a glucose yield of 84.8 %. The actual experiment yield was 84 %, which was in close agreement with the model's prediction, confirming the validity of the RSM model. A comparative study in 100-L pilot scale was performed with the optimized hydrolysis condition (20 % SC, 15 mg EP/g glucan) and compared to the hydrolysis condition at which the maximum yield was obtained (20 % SC, 40 mg EP/g glucan). Glucose yield of 84 and 99 % was attained at 15 and 40 mg EP/g glucan, respectively.
Scanning Electron Microscopy
SEM was performed to understand the morphological changes for the corn stover samples when hydrolyzed at the determined enzyme loading (15 mg EP/g glucan) versus the highest enzyme loading (40 mg EP/g glucan). Figure 4 shows SEM micrographs to elucidate the changes in the fibrillar structure of raw corn stover and after treatment (WEx and enzymatic hydrolysis). Corn stover (Fig. 4a ) exhibited compact and highly ordered fibril structure covered with a wax layer, binding materials, and other deposits (common to herbaceous lignocellulosic biomass). Figure 4b showed damages in the fibrillar structure as a result of WEx pretreatment. Degradation caused by the harsh pretreatment conditions was demonstrated by the appearance of exposed smooth cellulose surface, peeling, reticular areas, and interfibrillar splitting in the direction of the fiber axis. Despite these major changes after WEx, some conducting vessels and pits still remained intact, demonstrating the need for enzyme digestion. Panels c and d of Fig. 4 show the SEM images after enzymatic hydrolysis conducted at enzyme loading of 15 and 40 mg EP/g glucan, respectively. Enzymatic hydrolysis caused the fibrous surface to be altered and enhanced the porosity induced by the WEx pretreatment. In both panels c and d of Fig. 4 , degradation of fiber surface was significant, but the extent of degradation varied with the amount of enzyme protein added (and cellulase accessibility to fibers). With the determined optimal enzymes loading of 15 mg EP/g glucan (Fig. 4c) , longitudinal disintegration of fibers and formation of fissures on the surface were observed and surface erosion was unevenly distributed, whereas with the increase in enzyme loading (Fig. 4d) , uniform surface corrosion was observed. These observations lead to the conclusion that morphological differences between the corn stover samples hydrolyzed with 15 and 40 mg EP/g glucan were noticeable but relatively minor compared to the fact that 2.7 times more enzyme was added in the last case (Fig. 5) .
Process Economics Figure 6 shows the effect of varying enzyme loadings and SC on glucose yields. With the increase in the enzyme loading and SC, high glucose yield was achieved but, at the same time, Using 210 mg EP/mL of enzyme solution, enzyme density as 1.2 g/mL, SC 20 %, glucan 38.67 %, and enzyme loading at points A and B as 15 and 40 mg EP/g glucan, respectively, the amount of enzyme calculated at points A and B was 6.51 and 17.37 kg, respectively, to process 1,000 kg of biomass slurry. Glucose yields at points A and B were 84 and 99 %, respectively. At point A, our sweet spot, we observed a plateau, which suggests that further increase in enzyme loading and SC has little effect on the glucose yield, and therefore, we considered that point as optimal.
Comparing the relative difference in glucose yield and enzyme amount at points A and B, we found at the sweet spot (point A) a glucose yield that was 16 % lower; however, 62.5 % less enzymes were used, which would represent a significant saving compared to the optimal condition. Moreover, some enzymes from the enzymatic hydrolysis step remain functional during the subsequent fermentation process, and these enzymes will be capable of processing at least parts of the 16 % of unconverted cellulose remaining after enzymatic hydrolysis into glucose. These findings agree with the past studies done by Shen and Agblevor [20] , who suggested that the enzyme cost for complete hydrolysis (100 % conversion of cellulose to glucose) is prohibitive in achieving the economically viable commercialization of ethanol production.
Conclusion
WEx pretreatment and enzymatic hydrolysis at high SC were found to produce high glucose yield from corn stover even at low enzyme loadings. Experimental results showed that the most optimal and economically feasible condition for high yields of glucose (about 84 %) was obtained when corn stover was wetexploded at 170°C for 20 min with 5.5 bar oxygen and subsequently enzymatically hydrolyzed at 20 % SC and 15 mg EP/g glucan. Significant enzyme cost saving can be achieved by accepting a glucose yield of about 80 % compared to the full conversion of the glucan of corn stover.
